a b s t r a c t
It is self-evident that infection and inflammation in the reproductive tract can inhibit male fertility, but the observation that fertility may also be compromised by systemic inflammation and disease is more difficult to explain. Recent studies implicating microbial pattern-recognition receptors, such as the Toll-like receptors (TLRs), as well as inflammatory cytokines and their signalling pathways, in testicular function have cast new light on this mysterious link between infection/inflammation and testicular dysfunction. It is increasingly evident that signalling pathways normally involved in controlling inflammation play fundamental roles in regulating Sertoli cell activity and responses to reproductive hormones, in addition to promoting immune responses within the testis. Many of the negative effects of inflammation on spermatogenesis may be attributed to elevated production of inflammation-related gene products within the circulation and the testis, which subsequently exert disruptive effects on spermatogenic cell development and survival, as well as the ability of the Sertoli cells to provide support for spermatogenesis. These interactions have important implications for testicular dysfunction and disease, and may eventually provide new opportunities for therapeutic interventions.
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Background
Infection and inflammation within the male reproductive tract have detrimental effects on reproduction, which usually manifest as reduced androgen production, lowered sperm counts and temporary loss of fertility, as well as discomfort and pain (Carlsen et al., 2003; Nariculam et al., 2007) . It is not difficult to understand these negative consequences, since the inflammatory process is fundamentally destructive in nature. Infection and inflammation induce generation of highly toxic reactive oxygen species (ROS) and other cytotoxins, and production of cytokines, bioactive lipids and enzymes with profound effects on cellular and vascular function, eventually leading to the activation of immune cells with various damaging activities. The principal outcomes of a local inflammatory response are widespread apoptosis, vascular disruption, tissue remodelling and fibrosis, all of which are harmful for the tissues involved. However, it is increasingly evident that male reproductive function also can be compromised by systemic inflammation and disease, including many inflammatory conditions that do not involve infection or overt damage to the reproductive tissues (Baker, 1998; Dong et al., 1992) . This observation represents one of the basic conundrums of male reproductive biology, and the underlying mechanisms involved are poorly understood.
In order to investigate the mechanisms whereby inflammation inhibits male reproduction, a rat model of systemic inflammation induced by lipopolysaccharide (LPS) was established in our laboratory over 10 years ago (O'Bryan et al., 2000b) . A component of the cell wall of gram-negative Fig. 1 . LPS dose-response data in adult male rats. Adult male rats were injected with varying doses of LPS (E. coli, serotype 0128:B8). Body temperature (A) was measured every hour for 3 h, at which time the rats were killed and blood and testes taken for analysis of testicular function. Testis weights were unaffected, but even at relatively low does of LPS, testicular interstitial fluid (IF) formation (B), intratesticular steroidogenesis (IF testosterone) (C) and pituitary secretion of luteinising hormone (LH) (D) was inhibited. All values are mean and SEM (n = 3-6 animals), except in panel A, where the error bars and some dose data have been removed for clarity (data previously unpublished) . Note that subsequent experiments established that doses above 5 mg/kg frequently caused death through endotoxic shock within 12-24 h after administration. bacteria, LPS is a well-characterised activator of the inflammatory response without the complication of infectious particles. Although LPS had been widely used to study inflammation in other systems, at the time there were only a small number of papers on the specific effects of LPS on male reproduction in several different species, and these studies provided only limited, and sometimes inconsistent, pieces of the puzzle.
The effects of systemic LPS administration on testicular function in the rat
At the time these studies commenced, the activity of LPS preparations even from a single bacterial species and serotype was known to be quite variable and contained critical impurities, most notably bacterial lipopeptides, which could produce inconsistent results (Hirschfeld et al., 2000) . Initial studies were undertaken whereby adult male rats were injected (i.p.) with a standardised stock of LPS from Escherichia coli (serotype 0127:B8) to establish the optimal range of dose and response (Fig. 1) . These studies were also necessary to identify and eliminate doses of LPS that were liable to cause death through endotoxic shock (Galanos and Freudenberg, 1993) .
It was established that administration of LPS across a very broad range of doses inhibited the formation of testicular interstitial fluid and suppressed intratesticular and circulating levels of testosterone (Gow et al., 2001; Liew et al., 2007; O'Bryan et al., 2000b) . This suppression of steroidogenesis was due to inhibition of both luteinising hormone (LH) secretion by the anterior pituitary and a reduced capacity of the Leydig cells in the interstitial tissue to produce testosterone. There have been many studies on the effects of inflammation and inflammatory mediators on the hypothalamic-pituitary-Leydig cell axis, and the interested reader is directed towards previous reviews on this topic (Hales, 2002; Hedger and Hales, 2006) . Briefly, loss of steroidogenesis during inflammation is due to inhibitory actions of LPS and inflammatory mediators induced by LPS action, such as the pro-inflammatory cytokines interleukin 1␤ (IL1␤) and tumour necrosis factor ␣ (TNF␣), ROS, nitric oxide and prostaglandins, on hypothalamic LH-releasing hormone secretion, production of LH in the pituitary, and Leydig cell cholesterol mobilisation and steroidogenic enzyme activity. Inflammation-activated neural pathways and corticosteroids, which are induced in response to inflammation, exert inhibitory effects on Leydig cell steroidogenic function as well (Gow et al., 2001; Monder et al., 1994; Ogilvie et al., 1999) .
Spermatogenesis is a complex, organized and highly regulated process involving intimate, cyclical interactions between the developing spermatogenic cells and supporting Sertoli cells, and is dependent upon hormonal support of the Sertoli cells by both follicle-stimulating hormone (FSH) from the anterior pituitary and testosterone . A crucial observation was that lower doses of LPS, which caused maximal inhibition of steroidogenesis, had minimal effects on spermatogenesis, at least in the short term, but LPS administered as a single sub-lethal dose also caused significant spermatogenic disruption for a period of several weeks (Liew et al., 2007; O'Bryan et al., 2000a) . A transient increase in circulating macrophages within the interstitial tissue and intravascular neutrophils followed treatment with either low or high doses of LPS, but no substantial leukocytic infiltration of either testicular compartment was observed (Gerdprasert et al., 2002a,b) . Detailed stereological analysis of the response to the high dose of LPS over a period of 4 weeks showed that the effects on spermatogenesis were quite specific (Liew et al., 2007) . At 24 h after treatment, there was a significant delay of spermatocyte development at the leptotene/zygotene phase of meiosis (i.e. stages XI-XIII of the cycle of the seminiferous epithelium in the rat), followed within 6 days by premature release of these cells and the adjacent, but more luminally located, generation of round spermatids. There was also an increase in apoptosis of spermatocytes and spermatids at stages IX-XIII within the same time-frame (Liew et al., 2007) . This led to the question: why were the spermatogenic cells at stages IX-XIII so specifically affected?
Notably, these rats did not develop a fever. In fact, body temperature actually fell in rats given high doses of LPS ( Fig. 1) , indicating that elevated testicular temperature, a mechanism that is commonly invoked by clinicians to explain fertility decline in men with infections, was not responsible for the damage to spermatogenesis observed. Moreover, although intratesticular testosterone was dramatically reduced there are several reasons why androgen deficiency could not account for the damage either. Firstly, lower doses of LPS resulted in a similar degree of inhibition of intratesticular testosterone levels to that caused by high dose LPS, without causing evident spermatogenic damage (O'Bryan et al., 2000b) . Second, even at the high dose of LPS, the levels of intratesticular testosterone were only reduced by about 70%, whereas normal spermatogenesis can continue in the presence of intratesticular levels that are as low as 20% of normal in the rat (Sharpe et al., 1988) . Third, the pattern of damage was not consistent with androgen deficiency, which specifically leads to loss of elongating and late spermatids at stages VII-VIII . Nor was the pattern of spermatogenic damage caused by high doses of LPS consistent with vascular interruption, which leads to oxidative stress due to reperfusion injury and results in rapid apoptosis of spermatogonia and early spermatocytes followed by progressive depopulation of the seminiferous epithelium (Turner et al., 2004 (Turner et al., , 1997 .
However, it should be noted that the two studies undertaken in our laboratory to address the effects of high dose LPS on spermatogenesis produced some significant differences in the pattern of early damage. In the initial study, there was substantial disruption of the testicular vasculature and this was accompanied by a more rapid and pronounced epithelial damage, including focal spermatogonial/spermatocyte apoptosis, within 3 days after LPS administration (O'Bryan et al., 2000b) . This was also associated with a significantly higher mortality rate. These early damage events were not observed in the subsequent, more detailed, study, even though the doses of LPS employed were ostensibly the same (Liew et al., 2007) . Significantly, studies by Reddy, Reddanna and colleagues using a similar high dose LPS treatment model in rats have demonstrated an association between these earlier, more severe, damage events and testicular oxidative stress responses (Metukuri et al., 2010; Reddy et al., 2006) . These responses included induction of the stress proteins, heat shock protein 60 (HSP-60), high mobility group box chromosomal proteins 1 and 2 (HMGB1 and HMGB2), as well as increased lipid peroxidation, reduced antioxidant activities, mitochondrial dysfunction and spermatogenic cell apoptosis.
When considered together, these observations indicated that the effects of LPS-induced inflammation on spermatogenesis involve several mechanisms, as dictated by the severity of the resulting inflammatory response. Obviously, inhibition of Leydig cell function, vascular disturbance and oxidative stress can all contribute to spermatogenic damage during inflammation, but there is another mechanism that also should be considered, one that preferentially affects spermatogenic cells at stages XI-XIII. If all other mechanisms can be put to one side, the possibility that the seminiferous epithelium responds to inflammatory stimuli directly must be considered. This would not necessarily have to involve LPS itself acting directly on the epithelium, as there are large numbers of macrophages within the interstitial tissue that respond to LPS stimulation by producing various inflammatory mediators (Hales, 2002) . Moreover, inflammatory mediators and inflammatory cells from the circulation can also enter the testis during systemic inflammation, infection or other disease states.
One also needs to consider why even relatively low doses of LPS inhibited the hypothalamic-pituitary-Leydig cell axis and interstitial fluid formation ( Fig. 1 ), but very high doses of LPS were required to exert significant effects on spermatogenesis using the rat model. This differential sensitivity might have been due to actual differences in sensitivity to LPS at the cellular level, or the probability that circulating LPS may have variable access to the various compartments of the testis. Accordingly, direct effects on the pituitary, vasculature, and even the testicular macrophages and Leydig cells could occur at lower doses, but much higher doses could be necessary to allow sufficient LPS to traverse both the vascular and lymphatic endothelium of the interstitial tissue as well as the peritubular basement membrane and peritubular cell layer to directly affect seminiferous epithelial function. Curiously, one of the few studies to employ a model of direct injection of LPS into the mouse seminiferous tubules (via the efferent ducts) seemed to imply that this treatment caused minimal damage to the seminiferous epithelium (Nagaosa et al., 2009 ). This implication was not supported by the histology, which clearly showed extensive spermatogenic disruption, although not as extensive as the damage caused by injection of live E. coli. One should be very careful not to equate the damage to the seminiferous epithelium caused by LPS treatment alone with the very extensive and prolonged testicular damage that that occurs when live E. coli are introduced into the seminiferous tubules via retrograde injection (Demir et al., 2007; Lucchetta et al., 1983; Nagaosa et al., 2009 ).
The Toll-like receptors and their expression in the testis
How might LPS or other inflammatory mediators affect the seminiferous epithelium directly? Inflammation is the host response to trauma or infection, and a mechanism to rapidly activate the innate arm of the immune system, while setting in train the necessary processes that will recruit the adaptive immune response. A major activator arm of inflammation and innate immunity involves recognition by specific pattern-recognition receptors of specific motifs, or pathogen-associated molecular patterns (PAMPs), found on bacterial, viral, fungal and protozoan pathogens. The best characterised of the pattern-recognition receptors are the Toll-like receptors (TLRs), which recognise bacterial and viral nucleic acids and other molecules unique to various pathogens, such as bacterial lipopeptides, peptidoglycans and LPS (O'Neill and Bowie, 2007; Roach et al., 2005) . The TLRs are members of a larger family of transmembrane (cell-surface or endosomal) proteins that includes the interleukin 1 receptor (IL1R), and which share a conserved cytoplasmic domain called the Toll/IL1R (TIR) domain (Fig. 2) .
In humans, ten functional TLRs (TLR1-10) have been identified, and a further 3 mammalian TLRs (TLR11-13) have been found in laboratory rodent species (Roach et al., 2005) . They are particularly associated with cells of the monocyte lineage (i.e. macrophages and dendritic cells), but are also expressed by fibroblastic and epithelial cells, including those found within the male reproductive tract (Lauw et al., 2005; Zhang et al., 2004) . Signalling from TLR activation relies upon interaction between the TIR domain of the receptor and various adaptor proteins. In the case of most TLRs, the adapter protein involved is MyD88 (myeloid differentiation primary-response protein 88), but TLR3 and TLR4 engage the adapter protein TRIF (TIR domain-containing adaptor protein inducing interferon ␤) (Fig. 2) . Interaction between the TLR and its adapter protein activates tumour necrosis factor (TNF) receptor-associated factor 3 and/or 6 (TRAF3, TRAF6), leading to activation and nuclear translocation of the inflammatory transcription factors, nuclear factor kappa B (NFB) and activated protein 1 (AP1), activation of the Jnk (Jun N-terminal kinase) and p38 mitogen-activated protein (MAP) kinases, and induction of various critical inflammatory genes (O'Neill and Bowie, 2007; Takeuchi and Akira, 2010) or activation of the interferon regulatory factors (IRFs) and induction of type 1 interferons (IFN␣ and IFN␤) (Hertzog et al., 2003; O'Neill and Bowie, 2007) . The TLR responsible for detecting bacterial LPS is TLR4, which is actually a protein complex that includes the co-receptor proteins myeloid differentiation (MD) 2, essential for LPS recognition and Other major pattern-recognition receptors include the nucleotide binding and oligomerisation domain (Nod)like receptor (NLR) family and the retinoic acid-inducible gene (RIG)-like receptor (RLR) family (Takeuchi and Akira, 2010) . Nod-like receptors detect bacterial PAMPs within the cytosol. Some of these receptors, such as Nod1 and Nod2, act via NFB and MAP kinase activation, while other NLRs work through induction of the cysteine protease caspase 1, which activates the pro-inflammatory cytokines IL1␤ and IL18 and initiates caspase-mediated pro-apoptotic pathways within the target cell. The RLRs, which detect the presence of viral RNA in the cytosol, activate both NFB and production of type 1 interferons. However, the pattern-recognition receptor family continues to expand, and now includes the C-type lectin receptors (CLR), which recognise fungi (Takeuchi and Akira, 2010) .
In addition to their predictable expression on testicular macrophages and dendritic cells, TLR mRNA, protein and/or ligand responses have been described in several testicular cell types (Table 1) . Accordingly, the Sertoli cells of rats and mice express TLR2, 3, 4 and 5 (Bhushan et al., 2008; Riccioli et al., 2006; Starace et al., 2008; Winnall et al., 2011; Wu et al., 2008) . In the rat, expression of the essential TLR4 co-receptor proteins MD2 and CD14 have been confirmed as well . In addition, TLR1, 10 and 11 mRNA expression has been observed in rat Sertoli cells (Bhushan et al., 2008) , and low levels of TLR6 and 7 and 13 mRNA have been detected in mouse Sertoli cells (Riccioli et al., 2006; Wu et al., 2008) . To date, responses to TLR1-6 ligands have also been confirmed using either rat or mouse Sertoli cells (Bhushan et al., 2008; Riccioli Fig. 2 . Toll-like receptors (TLRs) and signalling pathway interactions. The TLRs respond to a variety of pathogen-related molecules, usually forming homoor heterodimers during signalling. TLR2 can self-associate or combine with either TLR1 or TLR6 to mediate responses to various bacterial lipoprotein (LP) classes. TLR4 forms a complex with the co-receptor proteins, MD2 and CD14, to facilitate binding of bacterial LPS. The TLRs are sub-divided into cell surface receptors (e.g. TLR2 and 4), which largely respond to bacterial proteins, lipoproteins and lipopolysaccharides, and intracytoplasmic endosomal receptors (e.g. TLR3), which recognise bacterial and viral nucleic acids, such as viral double-stranded RNA (dsRNA). Most TLRs signal via the adaptor protein, MyD88 (myeloid differentiation primary response protein 88), except TLR3, which acts through the adaptor protein TRIF (TIR domain-containing adaptor-inducing interferon ␤). Uniquely, TLR4 can interact with either MyD88 or TRIF, through engagement of the adaptor proteins, Mal (MyD88 adaptor-like) or TRAM (TRIFrelated adaptor molecule). Downstream signalling involves the tumour necrosis factor receptor-associated factors 3 and 6 (TRAF3 and TRAF6), activation of the transcription factors, NFB (nuclear factor kappaB) and IRF3 (interferon regulatory factor 3), or induction of the mitogen-activated protein kinases (MAP kinases) Jnk (Jun N-terminal kinase) and p38 and production of the Fos/Jun transcription factor AP1 (activated protein 1). These transcription factors interact to induce the expression of multiple pro-inflammatory genes, including interleukin (IL) 1␣, tumour necrosis factor ␣ (TNF␣), inducible nitric oxide (iNOS), or the type 1 interferons (IFN␣, IFN␤). Note that many details of the signalling pathways have been omitted or truncated for the sake of simplicity. Starace et al., 2008; Sun et al., 2010; Winnall et al., 2011; Wu et al., 2008) . In the rat, spermatogenic cells express mRNA for TLR2, 3 and 4 in a stage specific manner, peritubular cells express TLR3 and 11, along with low levels of TLR2, 4 and 6, and Leydig cells express TLR2 mRNA and low levels of TLR4, MD2, CD14 and TLR10 (Bhushan et al., 2008; Winnall et al., 2011) . Data indicate that Ley-dig cells, as well as peritubular cells, can respond to LPS preparations (Aubry et al., 2000; Cudicini et al., 1997; Wang et al., 1991) , although direct effects of the relevant TLR ligands on spermatogenic cells have yet to be established. The intracytoplasmic receptors, TLR8 and TLR9, have not been observed in any non-myeloid testicular cell type. Of the other pattern-recognition receptors, Nod1 mRNA has been detected in rat Sertoli cells, peritubular cells and spermatogonia, while Nod2 was detected in spermatogonia only (Bhushan et al., 2008) .
The response of Sertoli cells to TLR ligands and inflammatory mediators
Expression of pattern recognition receptors by the Sertoli cell, in particular, suggests a mechanism whereby inflammation can directly regulate spermatogenesis. Predictably, exposure of the Sertoli cell in vitro to LPS has been shown to directly inhibit lactate production and plasminogen activator activity, which are important for supporting spermatogenic cell development, and induces oxidative stress in these cell by increasing ROS production and reducing anti-oxidant activity (Aly et al., 2010; Bourdon et al., 1999) . However, the story is actually more complicated. Numerous studies have established that LPS stimulates Sertoli cells to produce a select panel of inflammatory gene products, including IL1␣ (the cell-associated variant of IL1␤), IL6 and inducible nitric oxide synthase (iNOS), as well as immunoregulatory cytokines, such as activin A (Gérard et al., 1992; Okuma et al., 2005a; Riccioli et al., 2006; Stéphan et al., 1995; Syed et al., 1995; Winnall et al., 2009; Wu et al., 2008) . The contributions of these inflammatory mediators must also be considered in any model of intratesticular inflammation.
Although the obvious conclusion would be that these responses to LPS are mediated via the TLR4 complex expressed by the Sertoli cell, most (if not all) studies have employed crude LPS preparations, which are generally contaminated by other bacterial products (Hirschfeld et al., 2000; Takeuchi et al., 1999) . Crucially, bacterial lipopeptides act specifically via TLR2 and bacterial peptidoglycans interact with other pattern-recognition receptor family members (Travassos et al., 2004; Zähringer et al., 2008) . Careful examination of rat Sertoli cells showed that the level of expression of TLR4 and its co-receptor MD2 was similar in Sertoli cells and testicular macrophages, but that Sertoli cells displayed low basal or LPS-induced expression of the TLR4 accessory protein, CD14 and of TLR2 . However, the response of these cells to crude LPS produced much stronger responses in terms of magnitude and duration compared with their response to highly purified LPS, which acts exclusively through TLR4. Moreover, the Sertoli cells responded to the synthetic lipopeptide, Pam3Cys (a specific TLR2 ligand), with a similar pattern of prolonged gene expression. In fact, Sertoli cells were more than 10-fold less sensitive to highly purified LPS than testicular macrophages, but expressed similar levels of IL1␣ and IL6, and much greater levels of activin A, when maximally stimulated. These data demonstrated that Sertoli cells respond to bacterial ligands acting through both TLR2 and TLR4, although they are less sensitive to these ligands in comparison with local macrophages, and display a Sertoli cell-specific pattern of gene expression in response. The data are also consistent with the need for relatively high doses of LPS to affect spermatogenesis in vivo, as mentioned previously. One further point to be made is that this review focuses upon the role of bacterial ligands and inflammation, but Sertoli cells also express pattern-recognition receptors that mediate responses to other pathogens, particularly viruses (Bhushan et al., 2008; Riccioli et al., 2006; Starace et al., 2008) . Accordingly, viral ligands have effects on Sertoli cell function that are analogous, although not identical, to those observed following exposure to LPS.
In addition to pathogenic ligands, Sertoli cells respond to several inflammatory mediators, most notably IL1␣ and IL1␤, TNF␣, NO, TGF␤3 and IFN␥ (Bauché et al., 1998; Lee and Cheng, 2003; Lui et al., 2003; Mauduit et al., 1993; Nehar et al., 1997; Okuda et al., 1995; Okuma et al., 2005b; Saito et al., 2011; Stéphan et al., 1995) . The Sertoli cell itself is a potential source of several of these inflammatory mediators: for example, IL1␣ produced by the Sertoli cell in vitro stimulates IL6 production through an autocrine mechanism . Of course, cells of the monocyte/macrophage lineage, and particularly macrophages, within the adjacent testicular interstitial tissue would also provide an additional source of inflammatory mediators. Testicular macrophages have the capacity for inflammatory activity, although they express much lower levels of pro-inflammatory gene products when stimulated than do macrophages from other sites (Gerdprasert et al., 2002a; Hayes et al., 1996; Kern et al., 1995; O'Bryan et al., 2005) . Equally significant is the fact that spermatogenic cells themselves also express several pro-inflammatory genes, including iNOS and TNF␣ (De et al., 1993; O'Bryan et al., 2000a) , although this expression appears not to be responsive to LPS (Hedger and Winnall, unpublished data) .
Another issue that merits consideration is the fact that Sertoli cells derived from sexually immature rats (around 20 days of age), which are most commonly used in studies on Sertoli cell function, may display significant differences from Sertoli cells that have been isolated from mature rats, in terms of their inflammatory responses. It appears that the majority of IL1␣ produced in response to LPS stimulation by Sertoli cells from immature rats remains within the cell, and is not secreted (Winnall et al., 2009 ). By contrast, Sertoli cells from adult rats secrete bioactive IL1␣ into the culture medium in response to LPS across a similar range of LPS doses (Gérard et al., 1992; Okuma et al., 2005a) . These data suggest that intracellular and secreted forms of IL1␣ may play different autocrine roles in Sertoli cell biology at different stages of maturation, and raises the potential for inflammatory mediators to influence established maturation-specific changes in Sertoli cell function, such as the decline of sensitivity to FSH (Fakunding et al., 1976) .
Inflammatory signalling and the cycle of the seminiferous epithelium
There is increasing evidence that the production by the Sertoli cells and spermatogenic cells of molecules that are otherwise normally associated with inflammation plays an important role in the fine regulation of the seminiferous epithelium (see O'Bryan and Hedger, 2008 , for a more detailed review). In order to maintain the organisation of the seminiferous epithelium, spermatogenic and Sertoli cells must engage in continuous communication. Throughout the cycle of the seminiferous epithelium, the Testosterone exerts direct genomic effects on target genes mediated via the androgen receptor (classical mechanism), and non-classical effects mediated through intracellular calcium mobilisation. FSH acts via a membrane receptor linked to adenylate cyclase, which produces cAMP and activates protein kinase A to stimulate production of Sertoli cell molecules, including lactate, transferrin, stem cell factor (SCF) and the FSH-regulating hormone, inhibin B. Sertoli cell Toll-like receptors (TLRs) respond to activation by appropriate ligands, which may be pathogen-derived or endogenous, and signal via a number of pathways, most critically the MyD88-dependent pathway to increase expression of inflammatory genes, including IL1␣, IL6 and activin A. Although these separate signalling pathways control some functional outcomes in common, there is clear evidence for reciprocal inhibitory regulation between the two signalling pathways as well. production of IL1␣, IL6 and activin A by the Sertoli cell is regulated by changes in the developing spermatogenic cells, and production is rapidly and dramatically elevated following the release of the spermatozoa into the lumen of the seminiferous tubule (spermiation) at stage VIII of the cycle (Gérard et al., 1992; Hakovirta et al., 1995; Jonsson et al., 1999; Okuma et al., 2006; Söder et al., 1991; Syed et al., 1995; Wang et al., 1998) . This increase in inflammatory cytokine production has been attributed to the effect of the residual cytoplasm and its phagocytosis by the Sertoli cell (Fig. 3A) . Moreover, there is a corresponding increase in nuclear NFB levels and expression of the inflammatory proteins, TNF␣ and iNOS, in spermatogenic cells at this time (De et al., 1993; Delfino and Walker, 1998; O'Bryan et al., 2000a) . This surge of inflammatory cytokines and other mediators in the seminiferous epithelium not only coincides with the release of the spermatozoa, but also with a burst of spermatogonial and spermatocyte DNA synthesis and reorganisation of the tight junctions between adjacent Sertoli cells that constitute the blood-testis barrier, in order to allow the developing spermatocytes to pass into the luminal compartment of the seminiferous epithelium (Cheng and Mruk, 2002; Hakovirta et al., 1993a Hakovirta et al., , 1995 Russell, 1977; Söder et al., 1991) . This is not a simple coincidence of events.
Importantly, inflammatory mediators have effects on several functions of the seminiferous epithelium. Interleukin 1␣ stimulates the proliferation of both spermatogonia (mitosis) and early spermatocytes (meiosis) (Hakovirta et al., 1993b; Parvinen et al., 1991; Söder et al., 1991) , but IL1␣ also stimulates production of IL6 and activin A by the Sertoli cell (Okuma et al., 2005b; Syed et al., 1995) , both of which inhibit meiotic proliferation and/or progression (Hakovirta et al., 1995; Meinhardt et al., 2000) . Activin A has complex effects on spermatogonial proliferation, which may be either stimulatory or inhibitory under different experimental conditions and at different developmental stages (Mather et al., 1990; Meehan et al., 2000) . Adding a further level of complexity, studies on inflammation and immunity have shown that activin A has the capacity to inhibit the production and activity of IL1 and IL6 as well (Phillips et al., 2009) . It is therefore likely that the sequential production of these cytokines immediately following spermiation plays a crucial role in regulating the subsequent burst of spermatogonial and spermatocyte proliferation and activity. Likewise, less dramatic variations in the level of expression of these cytokines at other stages of the cycle of the may regulate other aspects of Sertoli cell and spermatogenic cell activity. In addition, IL1␣, IL6, activin A and TNF␣ stimulate a number of Sertoli cell activities that are necessary to support spermatogenesis, including the production of lactate and transferrin (de Winter et al., 1994; Hoeben et al., 1997; Huleihel et al., 2002; Nehar et al., 1997 Nehar et al., , 1998 Saito et al., 2011; Sigillo et al., 1999; Simon et al., 2007) , while TNF␣ promotes spermatogenic cell survival in cultured human and rat seminiferous tubules, an effect that is probably mediated through the Sertoli cell (Pentikäinen et al., 2001; Suominen et al., 2004) .
Conversely, there is evidence that activation of inflammatory pathways in the Sertoli cell inhibits or modulates the response of the Sertoli cell to trophic stimulation by FSH and androgens (Fig. 3B) . The Sertoli cell is subjected to more or less constant exposure to these two hormones, which are consequently unable to regulate the changes in Sertoli cell function across the cycle of the seminiferous epithelium on their own. There is a clear reciprocal inhibitory relationship between FSH, which acts via the production of 3 ,5 -cyclic adenosine monophosphate (cAMP) and activation of protein kinase A, and inflammatory signalling via LPS, IL1␣ and TNF␣ in the control of production of activin A and the FSH-regulating hormone, inhibin B, in particular (Okuma et al., 2005a,b; Saito et al., 2011) . However, this inhibitory interaction is not confined to activin and inhibin: IL1␣, IL1␤ and TNF␣ have been shown to inhibit the ability of FSH to stimulate aromatase activity and stem cell factor (SCF) expression, and TNF␣ also inhibits the effects of FSH on lactate production by the Sertoli cell (Khan and Nieschlag, 1991; Mauduit et al., 1993; Saito et al., 2011) . It also needs to be recognised that studies have shown synergistic actions of IL1 and FSH on some Sertoli cell functions in culture (Huleihel et al., 2002) , further highlighting the complexity in the interactions involved.
The full details of this interaction between inflammatory signalling and FSH signalling in the Sertoli cell are unclear at present. While LPS and IL1␣ normally act via the adapter protein MyD88 and its downstream signalling pathways involving the transcription factors NFB and AP1, and the MAP kinases p38 and Jnk, these inflammatory mediators also activate several other signalling pathways, most notably the sphingomyelinase/ceramide pathway, the phospholipase A2/arachidonic acid metabolite pathway and the phosphoinositide-specific phospholipase C pathway involving diacyglycerol and inositol trisphosphate (Dinarello, 1996) . Moreover, TNF␣ does not act via MyD88 at all, but activates the TRAFs via a separate mechanism entirely (Chung et al., 2002) . Critically, studies have shown that IL1 and TNF␣ activate the MAP kinases, p38 and Jnk, in Sertoli cells (De Cesaris et al., 1998; Ishikawa et al., 2005; Ishikawa and Morris, 2006; Petersen et al., 2005; Riccioli et al., 2006) , and inhibitory interactions between these MAP kinase pathways and cAMP signalling has been reported in other cell types (Park et al., 2010; Zhang et al., 2006) . Furthermore, there is evidence for interaction between inflammatory signalling and androgen action in the Sertoli cell: for example, TNF␣ stimulates androgen receptor expression in rat Sertoli cells by activating NFB, which binds to enhancer motifs in the androgen receptor promoter (Delfino et al., 2003) . However, TNF␣ also inhibits at least some porcine Sertoli cell responses to androgens in vitro (Benbrahim-Tallaa et al., 2002) . Regardless of the specific mechanisms underlying these interactions, the data indicate that stage-specific production of inflammatory gene products by the Sertoli cells and spermatogenic cells have the potential to modulate the response of the Sertoli cell towards the constant influence of its trophic hormones.
Finally, IL1␣, TNF␣ and NO all cause disassembly of the Sertoli cell junctions that constitute the blood-testis barrier, as well as the junctional complexes involved in Sertoli-spermatogenic cell adhesion Li et al., 2006; Sarkar et al., 2008; Siu et al., 2003) . This involves the inhibition of essential junctional proteins, regulation of matrix metalloprotease and protease inhibitor activity, and disruption of the Sertoli cell actin cytoskeleton. Consequently, production of these inflammatory mediators by either the Sertoli cell or spermatogenic cells, or both, in the stages immediately following spermiation (i.e. stages IX-XIII) may play a central role in the opening of the blood-testis barrier to facilitate the movement of the early spermatocytes into the luminal compartment of the seminiferous epithelium at this time.
Implications for testicular physiology and pathology
In summary, the surge of inflammatory events within the seminiferous epithelium subsequent to sperm release (at stage VIII) may be responsible for regulating (at subsequent stages IX-XIII) a wave of spermatogonial proliferation, the timing of critical events in meiosis among early spermatocytes, modulating Sertoli cell activity and hormonal responsiveness, and opening of the Sertoli tight junctions to allow the spermatocytes to pass through into the luminal compartment where they can complete their development and differentiation into mature spermatozoa. The trigger for these events appears to be the phagocytosis of the residual bodies by the Sertoli cell (Gérard et al., 1992; Syed et al., 1995) . Since phagocytosis alone is not usually a sufficient trigger for inflammation, it may be speculated that the contents of the discarded sperm cytoplasm serve to activate the response, possibly by engaging pattern recognition receptors, such as the TLRs, expressed by the Sertoli cells. Although the TLRs evolved to recognise pathogenderived molecules, such as LPS and bacterial lipoproteins, recent data show that they are also activated by endogenous molecules (once microbial contamination has been excluded). For example, HMGB1, found in both spermatogonia and Sertoli cells and increased in the testis following treatment with LPS (Metukuri et al., 2010; Zetterström et al., 2006) , is a ligand for TLR2, 4 and 9 (Park et al., 2006; Tian et al., 2007) , while mammalian mRNA is a ligand for TLR3 and 7, and mammalian CpG DNA can activate TLR9 (Barrat et al., 2005; Karikó et al., 2004; Tsan and Gao, 2004; Yasuda et al., 2005) . Since individual TLR null mice have apparently normal fertility, such communication probably involves more than one receptor/ligand interaction. It can further be proposed that activation of the spermatogenic cells to express iNOS and TNF␣ occurs secondarily to the activation of the Sertoli cells, by a mechanism that is yet to be identified. Moreover, since a large propor-tion of developing spermatogenic cells do not develop to maturity, but undergo spontaneous apoptosis, phagocytosis of these senescent cells may drive expression of inflammatory genes, such as IL1␣, at other stages of the cycle of the seminiferous epithelium as well (Hakovirta et al., 1993b; Jonsson et al., 1999) . Consequently, signalling through inflammation-related pathways can provide both a mechanism for communication between cell types in the seminiferous epithelium, and an explanation for how the development of the successive generations of spermatogenic cells remains co-ordinated and highly organised.
One other implication arising from the ongoing production of inflammatory genes within the seminiferous epithelium is that this may be responsible for regulating adaptive immune responses in the interstitial tissue, leading to the ability of the testis to support extended graft survival (i.e. testicular immune privilege). This could involve the production by the Sertoli cell of activin A, which has profound regulatory effects on antigen-presenting cell and lymphocyte functions in addition to its proinflammatory activities (Phillips et al., 2009) .
It must be conceded that, although there is evidence from other systems that TLR signalling plays a role in nonpathogenic and physiological process (Rakoff-Nahoum et al., 2004) , the evidence that TLRs play a critical role in normal spermatogenesis is largely circumstantial. More work is required to establish if this hypothesis is sustainable. On the other hand, there is no doubt that expression of TLRs and other pattern-recognition receptors by the Sertoli cell has considerable significance for testicular pathology. Presumably, TLRs expressed by the Sertoli cells, and possibly by the spermatogenic cells, are necessary to detect pathogens that ascend the reproductive tract and, as a consequence, lie behind the blood-testis barrier (Demir et al., 2007; Lucchetta et al., 1983; Nagaosa et al., 2009) . The close relationship between inflammatory signalling in the seminiferous epithelium and spermatogenesis provides a mechanism to account for the link between systemic infection/inflammation and testicular dysfunction. Data from the LPS-treated rat model discussed at the start of this review pointed towards a specific sensitivity to acute inflammation that is most pronounced at stages IX-XIII of the cycle of the seminiferous epithelium, i.e. immediately following spermiation. These are the same stages of spermatogenic development that display the most dramatic inflammation-like responses during normal spermatogenesis. It is reasonable to assume that at least some of the negative effects of inflammation on spermatogenesis may be attributable to elevated production of inflammatory mediators within the circulation and the testis during infection and inflammation, regardless of its origin, which subsequently exert disruptive effects on spermatogenic cell development and survival at this critical time in the spermatogenic process. However, it should also be recognised that the presence of intact pathogens within the testicular environment will have much more severe consequences for spermatogenesis than those activated through TLR signalling alone, due to the influence of multiple bacterial products on other arms of the immune system (Bhushan et al., 2008; Nagaosa et al., 2009) .
Significance and conclusions
Male infertility, reproductive tract infections, and chronic scrotal or perineal pain due to non-pathogenic inflammation cause enormous misery for a significant number of men and their partners, and place substantial burdens on the health care system. Approximately 1/20 men are infertile, and the largest cohort of male factor infertility of known aetiology have a suspected inflammatory or autoimmune involvement. This relationship is underscored by a recent microarray analysis of genes expressed in human spermatogenic failure, which show a skewing towards genes involved in inflammation (Spiess et al., 2007) . Furthermore, testicular inflammation, caused by urogenital bacterial infections, sexually transmitted diseases, or even some non-reproductive infections such as mumps, severe acute respiratory syndrome (SARS) and tuberculosis, frequently leads to temporary or permanent loss of fertility (Aratchige et al., 2008; Xu et al., 2006) . The WHO estimates that reproductive tract infections account for about 3% of the global burden of ill-health among men (AbouZahr and Vaughan, 2000) . The discovery that pattern-recognition receptors and inflammatory signalling pathways appear to play a central role in the Sertoli cell's ability to support spermatogenesis provides a potential explanation why inflammation frequently plays such a central role in male reproductive dysfunction. Further investigation of these processes has the potential to considerably expand our understanding of testicular dysfunction and disease, and eventually provide new opportunities for therapeutic interventions.
